Background. Cerebral abscess is a recognized complication of pulmonary arteriovenous malformations (PAVMs) that allow systemic venous blood to bypass the pulmonary capillary bed through anatomic right-to-left shunts. Broader implications and mechanisms remain poorly explored.
abscesses affect between 7.8% and 9% of PAVM patients [2] : These events are attributed to impaired pulmonary filtration of thromboembolic material that exceeds the normal pulmonary capillary diameter of 7-10 μm [14] . PAVM treatment is recommended to reduce these neurological risks, and this is usually performed by embolization therapy [3, 15] . Unfortunately, PAVMs are often technically too small and/or numerous for embolization, and many treated patients are left with residual right-to-left shunts [2, 3] .
PAVMs can occur sporadically, but also affect at least 50% of people with hereditary hemorrhagic telangiectasia (HHT) [16] [17] [18] . HHT is inherited as an autosomal dominant trait, most commonly resulting from a pathogenic sequence variant in ENG, ACVRL1, or SMAD4 [19] . HHT-associated PAVMs represent the majority of PAVMs reported in medical series, in part due to PAVM screening programs in HHT populations. PAVM patients with HHT have concurrent medical issues that might be predicted to have an impact on cerebral abscess pathogenesis. Excepting PAVM-associated abscesses, there is no overt clinical association with immunodeficiency or conventional inflammation. Instead, HHT is characterized by recurrent bleeding from abnormal vascular structures, and iron deficiency anemia due to underreplacement of hemorrhagic iron losses [20] . At least 1 in 3 HHT patients require long-term oral iron supplements, with smaller proportions requiring intravenous iron and/or blood transfusions.
For PAVM patients, microbial isolates [8, 21] and documented preceding dental interventions [8, 21; and case reports] have implicated periodontal organisms in cerebral abscess pathogenesis. Patients are advised to maintain good dental hygiene, and to use oral prophylactic antibiotics before dental and surgical procedures [22] . With recent evidence implying that intravenous administration of antibiotics is more effective in preventing dental bacteremias [23] , identifying which PAVM patients are particularly prone to cerebral abscess becomes more important. Neurological complications are less frequent with low-grade, potentially functional intrapulmonary right-to-left shunting [24] , as commonly found in HHT patients with no evidence of PAVMs on computed tomographic scans [25] and in the general population [26] . But for patients with radiographic evidence of PAVMs, other than those with prior occurrence of cerebral abscess, to date it has been very difficult to identify which patients are at greater risk.
Our aims were to evaluate whether previously recommended measures (embolization of asymptomatic PAVMs, judicious dental hygiene, and antibiotic prophylaxis prior to dental and surgical procedures [8] ) had resulted in reduced morbidity from cerebral abscess, and to identify particularly high-risk patients suitable for greater targeting of preventive measures.
MATERIALS AND METHODS

Subject Evaluations
The study was ethically approved by the Hammersmith, Queen Charlotte's, Chelsea, and Acton Hospital Research Ethics Committee (LREC 2000/5764). Patients with radiologically diagnosed PAVMs presenting for the first time between June 2005 and December 2016 were recruited prospectively and consecutively at the time of presentation. All reported evaluations were performed as part of routine clinical care, as detailed in the Supplementary Data.
In brief, symptoms/complications from PAVMs (including prior cerebral abscess), symptoms/complications of HHT, and full clinical histories were recorded. Clinical examination included evaluation of HHT and dental hygiene. The mean oxygen saturation (SaO 2 ) after standing for 7-10 minutes was recorded, as this better reflects right-to-left shunt size than other postures [9, 10] . Patients received written advice on optimizing dental hygiene and prophylactic antibiotic use prior to dental and surgical procedures. Where indicated, PAVM embolization was performed [3] and the diameter of feeding arteries to the PAVM sac(s), and pulmonary artery pressures measured.
A diagnosis of HHT was made in the presence of PAVMs plus at least 2 of epistaxis, characteristic telangiectasia, family history, and other visceral AVMs, or a positive HHT gene test [16] [17] [18] [19] . All patients were offered screening/investigation for iron deficiency anemia (using complete blood counts, serum iron, transferrin saturation index [TfSI] , and ferritin). Patients with symptoms suggestive of other visceral AVMs underwent relevant investigations, but formal screening was restricted to selected cases.
Data Analyses
Patients were initially assigned to abscess/nonabscess groups based on presentation data. If a subsequent cerebral abscess was reported, prior to data analysis, patents were reassigned to the abscess group. Case notes of those who had experienced a cerebral abscess were retrospectively evaluated to additionally capture patient-specific variables at the closest timepoint to the abscess (the interval ranged from 9 months preabscess to 480 months postabscess; median, 9 months postabscess). "Nonabscess" patients theoretically could go on to develop an abscess at any point up to their death, so their data were censored at presentation. Presentation data therefore usually reflected the "pretreatment" period of PAVM history, but as detailed in the Supplementary Data, 31 patients had received PAVM treatment prior to assessment/blood tests. Where only posttreatment data were available, SaO 2 , hemoglobin, and red cell indices were recorded as unknown, to minimize bias by assigning spuriously normal indices to a patient who may have previously had decades of life with untreated PAVMs and different risk factor status.
Oxygen content of arterial blood (CaO 2 ) was calculated as 1.34 × hemoglobin × SaO 2 /100 [27] . Logistic regression analyses used cerebral abscess as the outcome (dependent) variable for 34 variables: P values were also calculated by postestimation Wald tests, and final models confirmed using receiver operating characteristic analyses.
RESULTS
Cerebral Abscess Rate
The 445 consecutive adult PAVM patients were aged 16-89 years (median, 48 years). Two hundred sixty-seven (60%) were female. Thirty-seven (8.3%) experienced a cerebral abscess with the diagnosis confirmed by neurosurgical drainage: 32 prior to study inclusion, and 5 after study inclusion and provision of antibiotic advice (4 of these had also received embolization). In 10 (27%) cases, PAVMs were diagnosed because of the cerebral abscess. Excluding these individuals, to correct for ascertainment bias, the adjusted rate was 6.1% (95% confidence interval [CI], 3.9%-8.5%).
Diagnostic demographics were compared to the series of previously reported, nonoverlapping patients [8] (Table 1 ). The crude abscess rate appeared to be lower (P = .07), but the 2 series became more comparable when adjusted for ascertainment bias. Age at abscess, patient sex, and proportions with a prior PAVM diagnosis or postabscess residual neurological deficit did not differ between the series. The current cohort exhibited a shorter interval between experiencing a cerebral abscess and receiving a PAVM diagnosis (Table 1) .
Morbidity Associated With Cerebral Abscess
All 37 patients required neurosurgery, approximately 6 weeks of intravenous antibiotics, prolonged inpatient hospital stays, and, f Eight (21.6%) described respiratory symptoms (most commonly dyspnea), but these were only sufficient to precipitate PAVM diagnosis in 3 cases. 
Bacterial Isolates
As in previous series [8, 21] , the majority of abscess cultures were culture-negative. The principal isolates cultured from the cerebral abscesses were microaerophilic and anaerobic bacteria predominantly of periodontal origin (Table 2) .
PAVM Characteristics
PAVM characteristics varied in terms of anatomy (single or multiple); size of the largest feeding artery diameter; severity of right-to-left shunting (reflected by SaO 2 ), and technical suitability for embolization therapy. At the time of the cerebral abscess, 36 (97.3%) patients had at least 1 PAVM that was technically large enough to be treated, although 5 (13.5%) had all PAVM feeding arteries with a diameter ≤3 mm-that is, at or below the limits of what is commonly considered treatable. At least 26 (70.2%) had additional PAVMs that were technically too small for embolization. Unfortunately, 31 (83.7%) had their abscesses prior to diagnosis of their PAVM(s).
PAVM Patient Characteristics
Patient characteristics reflected the presence of PAVMs, commonly associated HHT, and other PAVM/HHT-independent pathologies. Only 1 individual displayed significant leukopenia (Supplementary Table 1 ). Three-quarters of the cohort were significantly hypoxemic at presentation, but maintained CaO 2 by secondary erythrocytotic/polycythemic responses (Supplementary Table 1 ). At least 34 (91.8%) of the population had HHT, and due to chronic HHT blood losses, high proportions were iron deficient, used oral or intravenous iron regularly, and/or required blood transfusions. Hemoglobin values ranged from anemic to polycythemic values, reflecting the relative (and sometimes simultaneous [10, 11, 20] ) influences of iron deficiency and secondary erythrocytosis.
Periabscess Histories
Fourteen of the 37 patients with cerebral abscess (37.0%) described dental healthcare access, or untreated dental infections, in the months prior to abscess (Table 3) . There was 1 case where direct extension was considered a potential pathogenic route. Less frequently, nondental potential sources of bacteremias were recorded in the weeks prior to the abscesses (Table 3) . Unexpectedly, for 4 of 37 (10.8%) patients, the abscesses occurred while on short holidays abroad, and 5 (13.5%) patients reported very severe migraines in the days before the abscess.
Comparisons With Full PAVM Cohort
Univariate analyses suggested that patients with cerebral abscess were more likely to have lower SaO 2 , multiple PAVMs, higher platelet volumes, use intravenous iron, and/or suffer a venous thromboembolus (VTE) than nonabscess patients (Table 4) . Surprisingly, there was no relationship between cerebral abscess risk and other PAVM neurological complications (ischemic stroke, migraine headaches), variables associated with ischemic stroke risk (low serum iron, high fibrinogen, or low pulmonary artery pressure [8, 9] ), or largest PAVM feeding artery diameter (Table 4 ). In multiple regression analyses, adjusting for SaO 2 , the association of cerebral abscess with VTE persisted, but the associations with multiple PAVMs and platelet volume became less significant, and further relationships, particularly with TfSI, became evident. Table 5 and Figure 2 present the final model that explained the greatest proportion of biological variance. For SaO 2 , there was no relationship with higher-order variables, suggesting a relatively linear relationship between low SaO 2 and abscess risk. Thus, for each 1% rise in SaO 2 , for example after embolization, the risk of brain abscess would reduce by 10.47% (95% CI, 4.18%-16.36%).
Males with PAVMs were at higher risk of cerebral abscess, estimated as 2.63-fold (95% CI 1.18-to 5.86-fold) higher, once adjusted for other variables in the final model. In this series, VTE was likely a result of the cerebral abscess (Table 2) , but in other patients reviewed by us [8, 28] , VTE could predate the abscess by several years. VTE could be partially replaced in the model by platelet volume, which in turn was associated with age and other hematological variables (data not shown).
Unexpectedly, cerebral abscess risk was greater in patients who used intravenous iron (odds ratio, 5.82 [95% CI, 1.40-21.0]) and in patients with higher TfSI (with and without adjustment for intravenous iron administration). The TfSI odds ratio of 1.03 (95% CI, 1.00-1.05) related to each 1% change in a variable that ranged from 0-100% in the study cohort ( Figure 3A) . The enhanced risk appeared to lie within the upper TfSI quartile ( Figure 3B) , with no evident patterns in SaO 2 , sex, intravenous iron use, or deep venous thrombosis that might have enhanced the TfSI upper quartile risk (Figure 3C and 3D ; Supplementary Table 4) . Ninety-two patients had supranormal TfSI (>40%) and a cerebral abscess rate of 11.9%. Of this group, 62 (67.4%) were achieving a supranormal TfSI without ever having used supplementary iron or having received blood transfusions. Twentynine (31.5%) were using oral iron, with elemental iron contents ranging from 14 mg to 1000 mg (median, 65 mg) of elemental iron per day. Three (3.2%) were using intravenous iron, and 5 (5.5%) had been transfused.
TfSI concentrations define iron toxicity risks in the iron overload disorder hemochromatosis, with TfSI >50% considered a threshold for phlebotomy to remove body iron [29] . Eleven of 113 (9.7%) patients using iron reached this threshold, compared to 8 of 273 (2.9%) of patients not using iron or transfusions (P = .0084). Inclusion of feeding artery diameter marginally reduced the strength of the models, and the association was negative, implying that cerebral abscess were marginally more common for pulmonary arteriovenous malformations with smaller feeding artery diameters, once adjusted for other components of the model.
DISCUSSION
We have shown, in a current UK population, that approximately 1 in 16 individuals with PAVMs experienced a cerebral abscess by median age 48 years, usually before their PAVMs were diagnosed. Substantial morbidity and healthcare burdens resulted. Bacterial isolates and interventional histories implicated endovascular dissemination of blood-borne organisms, often of odontogenic origin. Cerebral abscess risks were greater for patients with lower SaO 2 ; for patients with TfSI in or above the high normal range; for males; and for those using intravenous iron. Strengths of the study include the large numbers studied, comparing favorably with recent multicenter series evaluating cerebral abscesses in the general population [1, 7, 30] . Study methodology was validated by the replication of earlier identified associations between PAVM-induced cerebral abscess and specific microbial species, interventional histories, VTE, and male sex [8, 21, 31] . A valuable feature of the current cohort is the long-standing and systematic capture of SaO 2 and iron-related variables that enabled identification of novel associations with likely pathogenic relevance. The main study weakness is that abscess histories were not captured prospectively, but such a study design is unrealistic for a condition such as PAVMs, which are normally diagnosed long after emergency neurosurgery and primary postoperative care. This explains the unusually high 100% survival rate [7] that reflected both the bias due to survival to the time of PAVM service review (n = 29) and, potentially, education and preventive measures following review. However, the study design meant that a higher proportion of the abscess group had blood tests after embolization, and that 7 of 16 interventional assessments were made retrospectively (in 2 cases, at an interval of >1 year), with Range of interval to abscess: 9 months preabscess to 480 months postabscess (median, 9 months [interquartile range, 4-9 months] postabscess). Use of presentation data did not materially affect the respective ranks or P values (Supplementary Table 2) .
Abbreviations: AVM, arteriovenous malformation; HHT, hereditary hemorrhagic telangiectasia; PAVM, pulmonary arteriovenous malformation.
the potential for recall bias. Additionally, whereas for previously treated patients, indices such as SaO 2 , hemoglobin, and iron datasets were only included where there was no known change in bleeding, PAVM, or iron use status between abscess and index capture, we cannot completely rule out uncaptured changes. Within these limitations, the strength of the association with low SaO 2 , and absence of associations with PAVM number, or larger feeding artery size as previously proposed, is compelling. They support a more logical understanding that abscess risk relates to the proportion of blood flowing through the right-to-left shunts, and not anatomic attributes of individual PAVM structures. Higher TfSI and intravenous iron use in part reflected the significant iron deficiency anemia present in the PAVM/HHT cohort (Table 3) : While the primary results from excessive blood losses in HHT are low serum iron, low TfSI, and low ferritin [20] , following iron treatments, serum iron and TfSI rise rapidly (within 2 hours in healthy volunteers [32] , sustained in HHT patients [33] ), before a later increment in serum ferritin [32] . Thus iron deficiency treatments appeared to be inadvertently placing patients with prior iron deficiency into at least transient iron overload states.
The study raises intriguing questions regarding why higher circulating iron loads are associated with greater cerebral abscess risk. It is unlikely that patients with an unsuspected, enhanced risk of a cerebral abscess were more likely to be prescribed iron. An alternate possibility relates to enhanced survival of bacteria in blood and extracellular tissue fluids: Increased iron stores correlate with greater frequency and severity of many bacterial infections [34] . There have been suggestions that exogenous administration of transferrin may be an appropriate chelation therapy to reduce infection risks [34] , but this seems counterintuitive as some microorganisms can liberate iron from transferrin [35, 36] . In view of the importance of blood-brain barrier injury in cerebral abscess pathogenesis [7, 37] , potential endothelial injury by iron [32, 38] may also be relevant. More generally, why PAVMs should be such a risk factor for cerebral abscess is not intuitively clear. There is no obvious mechanical reason why endovascular bacteria should pose a greater threat if a 7-10 μm aperture filter is impaired. One possibility would be the passage of infected thromboemboli [37] , but another relates to the potential for opsonized dormant bacteria to be reactivated, particularly if part of multicellular aggregates. Dental extractions and everyday activities such as toothbrushing can lead to endogenous dental bacteremias which, in the general population, are cleared (in terms of positive cultures) within minutes in the absence of antibiotics, and prevented or resolved earlier with prior antibiotic administration [23] . It is now known that similar bacterial species can be cultured from the bloodstream following later reactivation of dormant bacteria [39] , and that iron can be one such activating agent [40] . The current findings should be helpful in several clinical settings: First, PAVM screening would appear to be an important part of the diagnostic paradigm for immunocompetent patients who have experienced a cerebral abscess. Second, the PAVM findings may be applicable to people with other forms of right-to-left shunts, particularly patients with congenital heart disease where hypoxemia ranges from profound (cyanotic congenital heart disease), to minimal, as for most cases of patent foramen ovale. The most direct applications are for known PAVM patients who are already advised to maintain scrupulous dental hygiene and use antibiotic prophylaxis prior to dental and surgical procedures. The identification of a higher-risk PAVM cohort with persistent hypoxemia and normal-high TfSI offers the opportunities for further targeted PAVM management. For such patients, including patients who previously had PAVM treatments, it would seem prudent to further optimize SaO 2 improvements by embolization and potentially surgical methods, to avoid the 5.4-fold increased cerebral abscess risk currently implied for intravenous iron use, and to consider whether intravenous antibiotic prophylaxis [23] , dental clearance, or other maneuvers should be employed to prevent dental bacteremias.
In conclusion, asymptomatic individuals with PAVMs remain at high risk of cerebral abscess and may account for significant proportions of immunocompetent patients presenting with odontogenic cerebral abscess. Study findings suggest caution in the use of intravenous iron, and potentially more extensive treatments for PAVM patients where iron loading is physiologically or pharmacologically inevitable.
Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. Consisting of data provided by the authors to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author.
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